Abstract-We develop a mathematical model of nanoparticles depositing onto and penetrating into a biofilm grown in a parallel-plate flow cell. We carry out deposition experiments in a flow cell to support the modeling. The modeling and the experiments are motivated by the potential use of polymer nanoparticles as part of a treatment strategy for killing biofilms infecting the deep passages in the lungs. In the experiments and model, a fluid carrying polymer nanoparticles is injected into a parallel-plate flow cell in which a biofilm has grown over the bottom plate. The model consists of a system of transport equations describing the deposition and diffusion of nanoparticles. Standard asymptotic techniques that exploit the aspect ratio of the flow cell are applied to reduce the model to two coupled partial differential equations. We perform numerical simulations using the reduced model. We compare the experimental observations with the simulation results to estimate the nanoparticle sticking coefficient and the diffusion coefficient of the nanoparticles in the biofilm. The distributions of nanoparticles through the thickness of the biofilm are consistent with diffusive transport, and uniform distributions through the thickness are achieved in about four hours. Nanoparticle deposition does not appear to be strongly influenced by the flow rate in the cell for the low flow rates considered.
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INTRODUCTION
A biofilm is a sessile community of microorganisms embedded in a self-secreted matrix composed of extracellular polymeric substances (EPS). Patients with chronic respiratory problems often suffer from bacterial infections that develop as biofilms in the lungs. In addition to impairing respiration, bacteria and other microorganisms in lung biofilms secrete compounds that stimulate pro-inflammatory cytokines, which further damage the underlying lung tissue. The bacteria that are typically found in lung biofilms include Pseudomonas aeruginosa, Staphylococcus aureus, and Haemophilus influenzae. In a biofilm, these organisms display an increased resistance to antimicrobials and host clearance mechanisms. 5, 6, 25, 45, 47, 50, 62 Hence when biofilms form in the lung, their removal using conventional antimicrobial treatments is difficult.
Chronic respiratory infections are the primary cause of morbidity and mortality of those afflicted with cystic fibrosis (CF). CF, the most common life-shortening autosomal recessive disease among caucasians, afflicts over 30,000 persons in the United States. 39 In the CF patient, defective ion transport across the lung epithelial layer causes thick, dehydrated mucus. This hampers mucociliary clearance, causing retention and build-up of mucus in the lungs. Mucus serves as a nutrient-rich food source and physical barrier, which allows biofilms to grow, and, once established, to remain impenetrable to conventional antimicrobials. 59 CF is characterized by an exaggerated inflammatory response, progressive airway obstruction, bronchiectasis, and, eventually, respiratory failure. 17 As a result, 90% of patients die prematurely. 29 A large CF patient population and the lack of an effective treatment drive medical research to develop both new antimicrobials and effective methods to deliver drugs to biofilms in the lung.
To treat CF patients, antimicrobial is typically nebulized and delivered into the lungs by inhalation. Recently, methods have been developed to first encapsulate the antimicrobial in biodegradable polymer nanoparticles, which can then be nebulized and inhaled. [7] [8] [9] 24, 27, 28, 37, 40, 56 Once the nanoparticle is delivered to the treatment area, the antimicrobial is released by diffusion through the polymeric matrix, by degradation of the polymeric matrix, or by a combination of diffusion and degradation. 11, 44 Furthermore, some antimicrobials are not amenable to conventional methods of aerosol delivery because these drugs are degraded by the nebulization process or by the action of enzymes and immune system components. Encapsulating these drugs in nanoparticles provides protection during the delivery process, ultimately enhancing the efficacy of the treatment. Although numerous parameters affect how well particles can be delivered to the lungs, many articles have been published that seek to determine the particle sizes that are optimal for the deposition of particles onto the respiratory track. These papers all suggest that 1000-5000 nm is the optimal range of sizes for inhalation and deposition. 14, 21 Delivery of antimicrobial and other therapeutic agents to the lungs via nebulized nanoparticles shows great potential for the treatment of several inherited and acquired diseases such as CF, asthma, and lung cancer. 18, 53 As a potential treatment for CF patients, novel antimicrobials based on silver carbene complexes (SCC) 38, 60 have been encapsulated in L-tyrosine polyphosphate (LTP) nanoparticles. LTP has been formulated into nanoparticles and applied for lung delivery of SCCs. 11, 24 The advantages of LTP for in vivo applications and for nanoparticle formulation have been published. We mention in particular that degradation products are not cytotoxic and do not alter the local pH. 11, 19, 24 After being nebulized and inhaled, the enhanced survival percentage of mice infected with P. aeruginosa suggests that the LTP nanoparticles deposited in the airways of the lungs and penetrated into biofilms. 24, 30 The nanoparticles then released the SCC over a 1-7 day period.
A basic challenge in designing a drug delivery system based on nebulization of nanoparticles is maximizing the amount of drug delivered to the terminal bronchioles and alveoli. 26 Meeting this challenge entails answering several important questions, which include What is the spatial distribution of biofilm in the lung?
How many of the inhaled nanoparticles deposit onto and penetrate into the biofilm in the lung?
What is the final distribution of nanoparticles through the biofilm?
Once released from the nanoparticles, does antimicrobial remain in the biofilm or leak out into either the epithelium substratum or the lung airway?
Is there a loss of the effectiveness of the antimicrobial once in the biofilm?
In this paper, we address the second and third questions on the previous list through mathematical modeling and experiments. We develop a mathematical model of nanoparticles carried by a fluid over a biofilm growing in a parallel-plate flow cell. The basic geometry of our model, as well as of our experimental set up, is shown in Fig. 1 . The model describes nanoparticles depositing onto and penetrating into the biofilm. Our model assumes that adhesion by nonspecific interactions is the primary mechanism by which nanoparticles are deposited onto the biofilm. Noting the long, thin geometry of the deep passages of the lungs, we believe that our model of fluid flow between two parallel plates yields insight into nanoparticle transport and deposition by fluid in the lungs.
Once the nanoparticles are deposited, they diffuse through the biofilm. This diffusion, which we assume is the primary form of nanoparticle transport within the biofilm, distributes the nanoparticles through the EPS matrix. Several hypotheses have been suggested as to how this diffusion occurs. In Drury et al., 12 the authors hypothesize that microbeads diffuse through waterfilled pores in the biofilm. Also, we note that some recent research characterizes biofilm as a viscoelastic material having the structure of a hydrogel. 20 These authors reference many articles that treat biofilms as viscoelastic materials. Several recent modeling papers treat biofilms as hydrogels. 5, 63 In Cogan and Keener, The mathematical modeling is supported by flowcell experiments, in which a carrier fluid containing fluorescently labeled LTP nanoparticles passes over a biofilm grown over the bottom of the flow cell. In the experiments, the distribution of nanoparticles that deposit onto and diffuse into the biofilm is studied as a function of the flow rate of the carrier fluid, the length of time the carrier fluid passes over the biofilm, and the concentration of nanoparticles in the carrier fluid. The experimental results are used to estimate several key parameters in our model.
The mathematical model is used to numerically simulate the flow cell experiments. The simulations predict nanoparticle concentrations in the biofilm over a 4 h period after the nanoparticles are deposited on the surface of the biofilm. We vary parameters in the model to explore how the adhesion characteristics of the nanoparticles influence deposition onto the biofilm and how the rate of diffusion in the biofilm influences the steady-state distribution of nanoparticles through the biofilm. The sticking characteristics of polymer nanoparticles, and the average flow rates in the deep passages of the pulmonary system are unknown. We vary the magnitudes of these parameters over several orders of magnitude to illustrate the sensitivity of the results to errors in parameter measurement. Our results show that the flow rate alters the profile of the concentration plug traveling through the flow cell, but large changes in nanoparticle concentrations in the biofilm are not observed as a result of an increase in flow rate. Also, as the sticking coefficient is increased, we observe a large increase in nanoparticle concentrations in the biofilm.
There is a large literature on the deposition patterns of aerosols inhaled into the lung. Recent examples, among numerous possibilities, include Li et al., 31 
Longest and Oldham

32
, Xi and Longest 57 . These studies do not look at how particles penetrate into and diffuse through lung tissue after deposition. We note that the results by Longest and Oldham 32 indicate that transient inhalation flow can be closely approximated by steady flow conditions, and hence for computational fluid dynamics simulations it is reasonable to assume steady particle flow. Most studies of aerosol deposition in the lungs do not include pathological conditions such as biofilm infection. A recent exception is Longest et al., 33 in which the authors consider the influence of inflammation due to asthma on aerosol dynamics and particle deposition patterns.
None of the studies just cited consider the diffusion of the aerosol particles into lung tissue after deposition. Drury et al. 12, 13 report on the diffusion of 1 lm beads in a biofilm. The relevance of these results for our study is discussed further at the start of ''Modeling Methods'' section below. Several authors have studied particle-biofilm interaction in the contexts of stream ecology and wastewater treatment. Bouwer 4 published a mathematical investigation of how particles are captured by biofilms during waste-water treatment. Searcy et al. 42 studied the capture of oocysts (approximately 5 lm in diameter) by P. aeruginosa biofilms. Though the investigation did not include mathematical modeling, the study does bear some similarities to the deposition analysis in our experimental effort.
An issue that arises when considering the use of nanoparticles to treat lung biofilms is the penetration of nanoparticles through lung mucus. A series of works by Hanes et al. 15, 48, 49, 51, 54 provide a comprehensive review of nanoparticle penetration into mucus barriers. These authors engineer nanoparticles densely coated with poly(ethylene glycol), which allows the nanoparticles to rapidly penetrate mucus by minimizing 'mucoadhesion'. Further, they find that it is not easy to wash the nanoparticles out of the mucus once the nanoparticles have penetrated the mucus. The surface of the LTP nanoparticle has been decorated with PEG for this reason and for improved suspension in water.
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In both our experiments and in our modeling, there is no mucus barrier over the biofilm. The work of Hanes suggests the possibility of engineering nanoparticles that readily diffuse through mucus. Hence, our model could provide insight on how nanoparticles diffuse into lung biofilms under a mucus barrier.
MATERIALS AND METHODS
Experimental Methods
Fabrication of Nanoparticles
The nanoparticles used in our experiments are fabricated by water-in-oil-in-water emulsion. The initial emulsion contains LTP 24 dissolved in chloroform, PEG-g-CHN (PEG grafted chitosan) dissolved in acetic acid, LPEI (linear polyethylenimine), and rhodamine dissolved in distilled deionized water at a concentration of 1% by polymer weight. (For the nanoparticle formulations, chitosan is conjugated to PEG to produce an amphiphilic polymer. During the emulsion process, the PEG interacts with the water phase and chitosan interacts with the organic phase, which contains the LTP polymer. Thus, both the PEG and LTP are shielded by the surface decoration of PEG. Characterization of nanoparticles produced using PEG-grafted onto chitosan (size distributions using dynamic light scattering) have been published.
11,24,61 ) The initial mixture was spun at 2000 rpm (Yamato LD400D) for one minute. After the addition of the 10% polyvynylpyrrolidone, the stirring speed was reduced to 1600 rpm for 3 min. The organic solvent was allowed to evaporate overnight. Afterward, the nanoparticles were shell frozen and freeze dried until usage (Labconco Freezone 4.5).
The morphology of the LTP nanoparticles was determined with scanning electron microscopy (SEM). The SEM samples were prepared by suspending 1 mg of nanoparticles in 1 mL of distilled and deionized water. Then, 200 lL of the suspended nanoparticles were applied onto a stub, dehydrated, and sputter coated with silver/palladium. Dynamic laser light scattering was used to quantify the size distribution of the LTP nanoparticles. The nanoparticles were prepared by suspending 1 mg of nanoparticles in 10 mL of distilled and deionized water. Afterward, the nanoparticles were centrifuged for 10 s at 10009g to remove any large aggregates and were decanted into a glass scintillation vial. A dynamic laser light scattering system (Brookhaven Instruments BI-200SM, Holtsville, NY) calculated the nanoparticle diameter by the Regularized Non-negatively Constrained Least Squares (CONTIN) method. The range of nanoparticle size was reported as differential distribution values.
Bacterial Strain and Culture Conditions
Biofilms were grown using Pseudomonas aeruginosa strain PAO1 tagged with gfp. 58 Liquid cultures used for flow cell inoculation where grown in a Synthetic Cystic Fibrosis sputum Media (SCFM) 36 at 37°C shaken at 250 rpm. Biofilms were grown in 10% (vol/vol) SCFM modified with the addition of 0.04% (wt/wt) mucin (Sigma).
1 L of SCFM media is defined as follows: a buffered base is created containing: 6.5 mL 0.2 M NaH 2 PO 4 , 6.25 mL 0.2 M Na 2 HPO 4 , 0.348 mL 1 M KNO 3 , 1.084 mL 0.25 M K 2 SO 4 , 0.122 g NH 4 Cl, 1.114 g KCL, 3 .03 g NaCl, 10 mM MOPS, and 779.6 mL deionized water. The following volumes of amino acids in 100 mM solutions are added to the buffered base: 8.27 ml L-aspartate in 0.5 M NaOH, 10.72 mL L-threonine, 14.46 mL L-serine, 15.49 mL L-glutamateAEHCl, 16.61 mL L-proline, 12.03 mL L-glycine, 17.8 mL L-alanine, 1.6 mL L-cysteineAEHCl, 11.17 mL L-valine, 6.33 mL L-methionine, 11.2 mL L-isoleucine, 16 .09 mL L-leucine, 8 .02 mL L-tyrosine in 1 M NaOH, 5.3 mL L-phenylalanine, 6 .76 mL L-ornithineAEHCl, 21.28 mL L-lysineAEHCl, 5.19 mL L-histidineAEHCl, 0.13 mL L-tryptophan in 0.2 M NaOH, 3.06 mL L-arginineAEHCl. The pH of the solution is adjusted to 6.8 then filter sterilized. After filter sterilization, the following components are added: 1.754 mL 1 M CaCl 2 , 0.606 mL 1 M MgCl 2 , 1 mL 3.6 mM FeSO 4 AE 7H 2 O, 3 mL 1 M D-glucose, and 9.3 ml 1 M L-lactate (adjusted to pH of 7.0 with NaOH). 36 
Growth of Biofilms
Biofilms were grown in a continuous flow cell apparatus consisting of media and waste reservoirs, bubble trap, flow cell, and a peristaltic pump. 52 (The flow cell and bubble traps are designed and manufactured by BioCentrum-DTU at the Technical University of Denmark (DTU), Center for Systems Microbiology.) The chamber of the flow cell measured 40 mm long, 4 mm wide, and 1 mm deep. Media was pumped through the system in a once-through fashion at a rate of 3 mL/h during the biofilm growth phase (18-22 h) . This corresponds to a very low wall shear stress of 0.00865 dyn/cm 2 . (The shear stress was estimated assuming a parabolic fluid velocity and using the dynamic viscosity of water at 37°C.) Media flow rate was altered during deposition experiments. The flow cell apparatus was inoculated with 300 lL of a 1:100 dilution of an overnight culture of gfp tagged PAO1. The cells were introduced into the flow cell with a syringe and allowed to incubate for 1 h at 37°C for initial attachment. During the inoculation phase, media flow was stopped and tubing was clamped both up and down stream of the flow cell. Following this, media flow was restored and the flow cell was incubated for 18-22 h at 37°C. The average biofilm thickness near the inlet was around 10 lm and the thickness near the outlet was around 5 lm, with peak thickness up to 30 lm.
LTP Particles and Treatment of Biofilms
LTP nanoparticles loaded with rhodamine were suspended in water at a concentration of 0.5 mg LTP particle preparation per 1 mL of water for all the experiments. Measurement of particle number per volume was made by filtering diluted particle suspension through a 0.22 lm black filter to distribute particles on the filter. The filter was then mounted on a slide and imaged over 10 random fields using a Zeiss LSM 510 META confocal microscope. Images consisted of z-stacks using a vertical step size of 0.25 lm using a 1009 objective. The LTP nanoparticles were passed over the biofilm using a syringe pump at the rate of 1.5, 3, or 6 mL/h for either 10, 20, or 30 min injection times. The peristaltic pump was halted during use of the syringe pump and restarted at a rate equal to that used for particle introduction upon completion. Media flow was continued during image capture. Approximately 30 min was allowed to pass before the first z-stacks were taken. For each experiment, 10 z-stacks of the biofilm were taken at 5 locations along the length of the flow cell using a vertical step size of 0.5 lm and a 1009 objective.
Data Analysis
Metrics used to quantify experimental results were extracted from z-stack data. These metrics include particle count per volume of the LTP particle solution, particle count per volume of biofilm, particle location, and biofilm height. LTP particle counts and locations were found using the 3D object counter plug-in for the software ImageJ. 1, 3 Biomass volume and height were measured using COMSTAT, a biofilm image analysis program for MATLAB (MathWorks, Natick, MA). 22, 23 Threshold values for particle and biomass detection in these programs were standardized across samples.
Modeling Methods
The geometry of the parallel-plate flow cell we model is shown in Fig. 1 . A fluid carrying nanoparticles flows between the top plate and a biofilm growing over the full length of the bottom, parallel plate. The density q and viscosity l of the carrier fluid are assumed to be constants. In our simulations we use the density and viscosity of water. We assume that the interface between the biofilm and fluid is sinusoidal as a function of horizontal position and is constant over time. The average thickness of the biofilm is much smaller than the length of the flow cell. We assume the flow is parabolic, laminar, and steady state, and we impose no flux and no slip boundary conditions at the flow-cell boundaries.
The fluid contains a well-mixed, dilute concentration of nanoparticles. In our model, adhesion is the primary mechanism by which nanoparticles in the fluid attach to the biofilm. After adhering, the nanoparticles penetrate the biofilm through its water-filled pore structure. We assume that diffusion is the primary form of nanoparticle transport in the biofilm. This assumption is supported by results in Drury et al., 12, 13 who report that diffusion through the water-filled pores, rather than diffusion through the biofilm matrix or inertial impact, is the dominant mechanism for the transport of 1 lm beads in a biofilm. The authors postulate that the surface roughness and water-filled pore structure of the biofilm allow the beads to stick and penetrate. Unfortunately, our experimental procedure does not enable us to distinguish between biofilm and water. Hence, we do not characterize the water-filled pore structure of our biofilms.
We simulate the diffusion of nanoparticles to predict the steady-state concentration of the nanoparticles in the biofilm up to four hours after the deposition of the nanoparticles on the biofilm surface.
Governing Equations
The horizontal and vertical velocities of the fluid flow are denoted byũ andw; respectively. Following Longest and Oldham, 32 we assume a steady-state solution where the velocity fields are not time dependent. As we show below, only the volumetric flow rate and not the details of the fluid flow are needed. Nanoparticle transport in the fluid is assumed to occur through a combination of advection and diffusion and is described bỹ
Here D is the mass diffusivity of nanoparticles in the fluid andC is the concentration of the nanoparticles in the fluid. We assume that the nanoparticles transport within the biofilm only by diffusion (in particular, we neglect fluid flow in the biofilm). This transport is described bỹ
where D B is the mass diffusivity of the nanoparticles in the biofilm andC B is the concentration of the nanoparticles in the biofilm. At timet ¼ 0; a well-mixed solution of nanoparticles, with known concentration A, is injected into the system continuously for a period of minutes, denoted by t inj . Following this time period, injection ceases and the nanoparticle plug is allowed to flow through the flow cell. We describe this inlet boundary condition at
where A is the nanoparticle concentration of the fluid and Hðt À t inj Þ is the Heaviside function. Because the time scale for significant growth of the biofilm is on the order of days, we assume that the interface between the biofilm and the fluid is described by a functionh of the horizontal position but not of time. The flux of nanoparticles from the liquid through the fluid-biofilm interface atz ¼hðxÞ is
where r ¼ @ @xî þ @ @zk ;n is the unit outward normal to the interface, and S c is the sticking coefficient of the nanoparticles. A non-zero sticking coefficient implies that some of nanoparticles that contact the interface adhere or stick; a sticking coefficient of 0 implies that no nanoparticles stick. We comment that the sticking coefficient, S c , is a generic term representing unspecified interactions leading to the deposition of nanoparticles onto the biofilm surface. We make deposition linear in concentration, as described by (4), for mathematical convenience. It is possible that a nonlinear form is more appropriate and that biofilm surface curvature effects should be included to describe the deposition process.
The flux of nanoparticles into the biofilm at z ¼hðxÞ is
Coupling this equation with (3) for the inlet concentration, we see that the nanoparticle flux into the biofilm takes on two distinct features. Up until the time t inj there is a non-zero inlet source of nanoparticles into the flow chamber. This leads to a non-zero flux of nanoparticles into the biofilm. After time t inj the inlet source concentration is zero. Eventually, depending upon the flow rate, which is defined below, the nanoparticles in the fluid flow are convected downstream past the biofilm, after which a flow containing no nanoparticles passes over the biofilm. According to (5) , this results in a no-flux condition at the biofilm surface. In other words, once deposited and diffusing through the biofilm, the nanoparticles do not escape the biofilm. For the four hour time frame considered here, this is a reasonable assumption and agrees with the observations of Drury et al. 12, 15 We note that Drury et al. ultimately observe microbeads slowly leaking out of the biofilm over a time period of days. We would need to adjust equation (5) to account for this slow flux if we were to simulate longer time periods. It is also worth noting that when used in treatment, the nanoparticles would deposit, penetrate into the biofilm and begin releasing antimicrobial. Hence, that the nanoparticles escape the biofilm at a slow rate is advantageous for the drug delivery scheme.
We assume no flux of nanoparticles through the upper and lower plates of the flow cell. Hencẽ Czðx; d;tÞ ¼ 0;C B;z ðx; 0;tÞ ¼ 0:
We describe the volumetric flow rate Q of the carrier fluid by
We supplement the equations above with initial conditionsC ðx;z; 0Þ ¼ 0;C B ðx;z; 0Þ ¼ 0; ð8Þ so that the initial concentrations of nanoparticles in the carrier fluid and in the biofilm are zero.
Non-dimensionalization
The height, d, of the flow cell is assumed to be much smaller than the length, L, of the cell. Hence, we define the small-aspect ratio parameter ¼ d=L; where ( 1:
We non-dimensionalize the governing equations with the scalings given in Table 1 . We then identify several non-dimensional groupings. For the fluid, the Peclet number P e = Q/D is a ratio measuring the strength of transport by advection to transport by diffusion. The nanoparticle diffusivity in the biofilm is assumed to be much less than that in the fluid and so we define
HereD is an O(1) constant. Finally, the ratio of sticking time of the nanoparticles onto the biofilm surface to diffusion through the biofilm is
After rescaling, the fluid domain is x 2 ½0; 1 and z 2 ½hðxÞ; 1 and the governing equation for the concentration of nanoparticles in the fluid iŝ
with boundary conditions
Cð0; z; tÞ
and initial condition Cðx; z; 0Þ ¼ 0:
After rescaling, the biofilm occupies x 2 ½0; 1 and z 2 ½0; hðxÞ; and the concentration of nanoparticles in the biofilm is governed by
with the boundary conditions Particle concentration, fluidC 
Asymptotic Techniques
We now introduce the expansions
Straightforward computations yield the O(1) equation
with boundary conditions 
From (24), (25) , and (26), we see that
which is independent of z.
To determine C 0 (x,t) we need only part of the OðÞ system of equations. These arê
Integrating (34) with respect to z and using (35) and (36), we find DC 0;t ½1 À hðxÞ þ P e C 0;x þ KDC 0 ðx; tÞ ¼ 0: ð37Þ
Numerical Solution of the System of Equations
In summary, to determine the concentration of nanoparticles in the fluid we solve (37) with boundary and initial conditions
Once known, C 0 is then used to determine the concentration of nanoparticles in the biofilm by solving equations (29)- (32) . For later discussion, it is instructive to examine an approximate solution to (37) for the nanoparticle concentration in the fluid flow over the biofilm, when h(x) = 0. Letting C 0 (0,t) in (38) be represented by F(t), we find
This expression admits the following interpretation. The first term describes the convective transport of the inlet nanoparticle concentration downstream. As the flow rate Q increases, the inlet concentration is convected further downstream. This means that more nanoparticles flow over the biofilm surface for larger flow rates. As a consequence, the flux of nanoparticles into the biofilm increases per (30) . The second term, of exponential form, describes the deposition characteristics of the nanoparticles. If the flow rate is slow, the nanoparticles tend to deposit near the inlet, while at larger flow rates more nanoparticles are convected downstream, which leads to a more spatially (in the x-direction) uniform profile. Since x dependence has been removed, (29) can be solved for C B0 as a function z using a one-dimensional Crank-Nicolson scheme at fixed locations in x. Equation (37) is solved using a modified Lax-Wendroff scheme. For details, see Neubig.
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RESULTS
Experimental Results
Scanning electron microscopy (SEM) of the LTP nanoparticles shows spherical conformation, a smooth surface morphology, and a heterogeneous size distribution with a mean diameter of approximately 500-2500 nm. See Figs. 2 and 3 . From the Stokes-Einstein equation, the diffusion coefficient of particles of this size in water is estimated to be D = 2 9 10 29 cm 2 /s We use this value in our numerical simulations. In testing, it was observed that blank nanoparticles degraded completely over a period of 7 days, 10 which is consistent with the degradation profiles observed for LTP films and capsules. 11, 43 The suitability of LTP nanoparticles encapsulated with a hydrophobic functional group for nebulization has been established by an in vivo study. 24 LTP nanoparticles were observed embedded within the biofilms. Figure 4 shows a representative slice of a z-stack. The LTP nanoparticles (red) are clearly visible and easily distinguished from the bacteria (green). Figure 5 shows a three-dimensional reconstruction of a single z-stack. This figure demonstrates the scale and morphology typical of the biofilms observed in these experiments. Figures 4 and 5 represent nanoparticles in a biofilm 1 hr after deposition at a flow rate of 1.5 mL/h for 30 min. The z-slice in Fig. 4 was taken at location z = 17.5 lm in a 35 lm stack. A quantitative representation of particle location within the biofilm is provided below in Figs. 6 and 7 .
The average concentrations of LTP nanoparticles in the bulk fluid and the biofilm for each combination of flow rate and injection duration parameters are shown in Table 2 . Metrics calculated for each set of parameter values in Table 2 are averaged over three replicates. Each replicate consists of 10 z-stacks taken at 5 discrete locations along the length of the flow-cell 0.5-2 h after particle deposition. A slight increase in nanoparticle concentration within the biofilm was observed in correlation with flow rate. Note that the experimental results indicate that it is possible to deposit 10 9 nanoparticles/mL of biofilm. Later, we relate this quantity to the amount of drug delivered to the biofilm as well as to the efficacy of this amount. Since the relevant equations in the model are linear in particle concentration, we calculate the proportion of nanoparticle concentration in the biofilm to concentration in the bulk fluid. It is this metric that is used to guide our estimates of parameter values in the model. From the data in Table 2 , we estimate a value of 2.0 9 10 25 cm/s for the sticking coefficient used in the mathematical model. We discuss this further in the modeling section below.
To understand the spatial distribution of nanoparticles in the biofilm, we consider histograms of relative particle depth. Relative depth is defined as the ratio between a particle's vertical position and the vertical position of the fluid-biofilm interface at that location. Hence a relative depth of 0-5% corresponds to a particle that is near the biofilm substratum, while a relative depth of 95-100% corresponds to a particle that is near the fluid-biofilm interface. For some nanoparticles, a relative depth greater than 100% was measured, placing these nanoparticles above the fluidbiofilm interface. These data occur because the location of the interface is defined as the location above the substratum at which the fluorescent signal drops below a certain threshold. Hence there are still some bacteria above the interface. In the analysis of nanoparticle distribution through the biofilm depth that we present next, data on nanoparticles with a relative depth of greater than 100% are not reported. Figure 6 shows a representative histogram of nanoparticle relative depth 0.5 to 2 h after deposition. This figure represents data aggregated over 11 samples using a flow rate of 3 mL/h and injection duration of 20 min. Particle depth is plotted on the horizontal axis with the left side representing the biofilm substratum and the right side representing the fluid-biofilm interface. This histogram suggests that, over the time period during which the positions are measured, most particles are located near the fluid-biofilm interface with an exponential distribution moving toward the bottom of the biofilm. Nanoparticle concentration was observed to be largely unaffected by local biofilm thickness, though fewer particles were observed in areas of minimal thickness. This is to be expected, as there is little biofilm for particles to interact with in these locations. No significant differences in nanoparticle distribution were observed for different flow rates or injection durations. Figure 7 shows a similar representation of the nanoparticle distribution 2-4 h after the deposition using the same flow rate and injection duration parameters. These data are aggregated over 15 samples. Unlike the distribution represented in Fig. 6 , this distribution appears more uniform. Taken together, our data suggests that nanoparticles diffuse to a uniform distribution through the biofilm within 2-4 h after deposition. This leads to an estimate of the nanoparticle diffusion coefficient, D B = 1.0 9 10 29 cm/s. We note that this value is about half the diffusivity for nanoparticle transport in water. Hence, the pegylated structure of the nanoparticles allows for diffusive transport of the nanoparticles through the structure of the biofilm at a rate that is comparable in magnitude to nanoparticle transport through water. This is consistent with findings in the Hanes investigations for transport of pegylated particles through mucus. 15, 48, 49, 51, 54 We postulate that the reduction in diffusivity is due to hindrances by and adhesion to biofilm components. Finally, for the four hour period during which we observed the biofilm in the flow cell, we did not see any noticeable leakage of nanoparticles out of the biofilm. This supports the use of the no-flux These experimental results quantify the extent to which LTP nanoparticles stick to the biofilm surface, penetrate the biofilm, and then distribute throughout the depth of the biofilm. The nanoparticles adhere to the surface sufficiently well to attain a concentration of nanoparticles within the biofilm that is 2 orders of magnitude higher than concentration of nanoparticles in the bulk fluid. In addition, at times soon after the nanoparticle deposition, the distribution of nanoparticles shows an exponential decay as a function of distance from the fluid-biofilm interface. This observation supports the assumption that diffusion is the dominant transport mechanism for nanoparticles within the biofilm. Our data suggest that the nanoparticles are distributed more uniformly through the thickness of the biofilm in as little as 2-4 h after nanoparticle deposition.
Simulation Results
We use numerical simulations to characterize the distribution of nanoparticles through the biofilm as several parameters in the model are varied. The flow rate Q can be controlled, and the mass diffusivity in the carrier fluid, D, is well known. However, the mass diffusivity in the biofilm, D B , and the sticking coefficient, S c , are not known; the experimental results are used to calibrate values for those parameters. These calibrated values provide a default case, described in Table 3 , that is used as the basis for a parametric study. Because the system of equations underlying the simulations is linear, we do not define the input concentration A in the presentation of the results. Rather, all results are presented as the ratio of nanoparticle concentration in the biofilm to nanoparticle concentration in the bulk fluid. For this relative concentration, the experimental results in Table 2 indicate final values of 100-900, and the numerical simulations predict relative concentrations between 300 and 900. The experiments suggest that diffusive equilibrium takes 120-240 min, while the simulations typically predict equilibrium in 70-100 min.
Default Parameters
To match the experimental setup, the height d and length L of the flow cell are set at 4 and 0.1 cm, respectively. For the biofilms grown in the experiments, the dependence of the height on position is irregular; the height averages 10 lm near the inlet, decreasing to about 5 lm near the outlet, with peaks up to 30 lm. The function hðxÞ ¼ 0:015ð1 À x=2Þ þ 0:01ð1 À x=4Þ sinð50pxÞ ð41Þ is used to model the fluid-biofilm interface. The expression h(x) for the fluid-biofilm interface is chosen as a simple, mathematically convenient model that captures two features of our biofilm morphology, namely, that the thickness of the biofilm varies significantly relative to the average height of the biofilm and that the average thickness of the biofilm decreases from the inlet to the outlet of the flow cell. In particular, the constants in h(x) were picked based on our observations of the general features of the biofilms we grew and were not fit from data. A 30 min injection duration is used in all the simulations. The flow rate Q was set at 5 9 10 24 cm 3 /s = 1.8 mL/h, which is consistent with a subset of the experiments. The model is linear with respect to the sticking coefficient S c and the mass diffusivity in the biofilm D B , so values for these parameters can be calibrated sequentially. First, the default value of the sticking coefficient, S c = 2 9 10 25 cm/s, was obtained by requiring that roughly half of the injection concentration in the fluid be absorbed by the biofilm by the time the input plug reached the outlet at x = L. The default value of the diffusivity in the biofilm, D B = 1 9 10 29 cm 2 /s, was then obtained by requiring that the final relative concentration be about 500.
Parameter Study
Holding the flow rate Q fixed at 5 9 10 24 cm 3 /s and varying S c and D B from their default values by ±20% shows that the dependence of the final relative concentration on those parameters is nearly linear. Table 4 summarizes the results. Here relative concentration is defined as the nanoparticle concentration averaged over the 40 mm extent of the biofilm in the x-direction. As discussed in the approximation given by (40) , an exponential decrease in deposition is predicted along the lengthwise extent of the biofilm. For the parameters chosen in the numerical simulations, this results in about a 50% reduction in nanoparticle concentration over the 40 mm length of the biofilm.
The dependence of the final relative concentration on the sticking coefficient S c is nearly linear, as seen in Fig. 8 . For these results, the value of S c is varied with the other parameters held at their default values.
As seen in Fig. 9 , the final relative concentration is also nearly linear in D B , the mass diffusivity in the biofilm. Here, the value of D B is varied while the other parameters are held at their default values.
The effect of the flow rate Q on the final relative concentration is described in Fig. 10 . As noted above where (40) was introduced, the inlet concentration is convected further downstream as the flow rate Q increases. This means that more nanoparticles flow over the biofilm surface for larger flow rates. As a consequence, the flux of nanoparticles into the biofilm increases per (30) , which leads to an increase in nanoparticle concentration in the biofilm as shown in Fig. 10 . Ultimately a plateau in concentration is approached as predicted by the limiting behavior of the exponential term in (40) as Q increases.
Overall, the final relative concentrations computed by the model lie within the range seen in the experiments, indicating that the model can be used in a predictive manner.
DISCUSSION
The effectiveness of an antimicrobial is often described by the minimum inhibitory concentration (MIC) of the antimicrobial needed to stop the growth of the biofilm. If one assumes the MIC of a drug, C MIC , is known, then one question to be answered is how many nanoparticles need to be deposited into the biofilm in order to achieve a concentration C MIC in the lung biofilm after M days of drug release from the nanoparticles? We developed a simple approximation to answer this question for nanoparticle-delivered medication to the pulmonary region. 34 These results predicted that about 10 9 nanoparticles per ml of biofilm are sufficient to achieve an MIC consistent with experiments. 38 Likewise, in a more sophisticated model of biofilm growth and decay 46 we predicted that similar quantities of nanoparticles are needed to kill the biofilm. Our experimental results (see Table 1 ) and the model in this manuscript demonstrate the feasibility of depositing 10 9 nanoparticles/ml into the biofilm. In our experiments, 3 lm sized particles travel at an average velocity of 75 cm/h, or 2 9 10 24 m/s, within the flow-cell with volumetric flow rate 3 mL/h. Particles of this size are expected to deposit in the lower regions of the lung, generations 15-20. 2 Within the lung, particles deposit onto the mucus-liquid lining of the lung. Deposited particles are then pulled downward by gravity. 16 This resulting velocity due to settling may cause particles to contact the lung epithelial layer or supposed biofilms present in the lung. Frijlink and De Boer place the particle velocity by air transport in generations 15-20 between 0.1 and 0.01 m/s, respectively, and sedimentation velocity around 1 Â 10 À4 m/s. 16 Therefore, our model of particle deposition may be a reasonable approximation of the sedimentation process, in which particles travel in a liquid environment at a flow rate of 1 9 10 24 m/s. While we envision our experimental setup as a model of the lung, it was necessary to deviate from the in vivo system in certain aspects. The mucin concentration used in our experiments, in particular, is far lower than that of the lung. This variation is necessary to operate the flow cell appropriately. An injection time of 10-30 min represents the approximate amount of time a patient can be expected to use a nebulizer (C. Cannon, professional experience).
The basic goal of our long term research effort is to develop an effective drug delivery system and treatment strategy to kill bacteria growing in biofilms in the lung. By developing an improved understanding of biofilm structure and the efficacy of different treatments, our investigations will contribute to the more general problem of controlling harmful biofilms. This manuscript focuses on the basic challenge of designing a drug delivery system to deliver antimicrobial (in our case silver carbene complexes) to the pulmonary region of the lung. We present experiments and a simple mathematical model to determine the deposition of biodegradable polymer nanoparticles onto a biofilm. We demonstrate that it is possible to deposit concentrations of nanoparticles that are needed to achieve a desired MIC level within the biofilm.
We derive a two dimensional model of nanoparticle transport in a flow cell, adhesion to a biofilm's surface and the subsequent transport into a biofilm. The governing equations are simplified by the following assumptions to produce a system of coupled equations which we solve numerically:
1. The carrier fluid is a well mixed dilute concentration of nanoparticles. 2. Fluid flow is parabolic, laminar, and steady state. 3. No flux and no slip boundary conditions are imposed at flow cell boundaries. 4. Nanoparticle adhesion is the main mode of capture at a biofilm surface. 5. Diffusion is the dominant form of particle transport in the biofilm.
The nanoparticles are assumed to remain in the biofilm after capture, and we show they diffuse to a uniform concentration after the flow plug has passed. System parameters are varied. The flow rate Q alters the profile of the concentration plug traveling through the flow cell, but large changes in nanoparticle concentrations in the biofilm are not observed as a result of an increased flow rate, for the low (mL/h) flow rates considered. The sticking coefficient S c parameter limits the flux of nanoparticles passing through the fluidbiofilm interface. As the sticking coefficient is increased, a large increase in nanoparticle concentrations in the biofilm is observed. The model can also be easily generalized to describe a more accurate surface morphology of a growing biofilm. The simple model presented here makes use of these many assumptions to balance the need for accuracy of delivery predictions and the desire to make the model computationally efficient. Our future models will relax these restrictions, to achieve more realistic results, and will consider combination therapies that have been shown to be effective. 41 Alternatively, a single dose of nanoparticles with multiple erosion rates may suffice. Further, we note that while nanoparticles may contain a sufficient amount of total antimicrobial to raise the concentration above the MIC level, these doses may not lead to biofilm decay because of the slow release of the antimicrobial from each nanoparticle. Hence, the biofilm continues to grow. This results in a decrease in the concentration level due to the diffusion of the antimicrobial over a larger volume, and so the concentration remains below the MIC. Making such predictions and including multiple pharmacokinetic options entail developing a much more comprehensive model, which is in progress.
